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ABSTRACT: Nanozyme has been regarded as one of the
antibacterial agents to kill bacteria via a Fenton-like reaction in
the presence of H,O,. However, it still suffers drawbacks such as
insufficient catalytic activity in near-neutral conditions and the
requirement of high H,O, levels, which would minimize the side
effects to healthy tissues. Herein, a mesoporous ceria hollow
sphere/enzyme nanoreactor is constructed by loading glucose
oxidase in the mesoporous ceria hollow sphere nanozyme. Due to
the mesoporous framework, large internal voids, and high specific
surface area, the obtained nanoreactor can effectively convert the
nontoxic glucose into highly toxic hydroxyl radicals via a cascade
catalytic reaction. Moreover, the generated glucose acid can
decrease the localized pH value, further boosting the peroxidase-
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like catalytic performance of mesoporous ceria. The generated hydroxyl radicals could damage severely the cell structure of the
bacteria and prevent biofilm formation. Moreover, the in vivo experiments demonstrate that the nanoreactor can efficiently eliminate
99.9% of bacteria in the wound tissues and prevent persistent inflammation without damage to normal tissues in mice. This work
provides a rational design of a nanoreactor with enhanced catalytic activity, which can covert glucose to hydroxyl radicals and

exhibits potential applications in antibacterial therapy.
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1. INTRODUCTION

Bacterial infection-related diseases have threatened human’s
health for a long time." The abuse of traditional antibiotic
penicillin can result in the generation of bacteria resistance.” It
is highly desirable to develop a novel antibacterial agent to
combat bacterial infections. H,O, is a commonly used
antibacterial agent in the application of hygienic and medical
treatments. Recently, nanozyme with peroxidase-like activity
has been found to effectively convert H,O, to hydroxyl radicals
with high toxicity. Compared to H,0O,, such free radicals can
effectively destroy the cell wall of bacteria through an advanced
oxidation process.’”” The peroxidase-like activity of nanozyme
usually relies on the pH value.'’”'* However, a majority of
nanozyme exhibits enhanced activity in acidic conditions. The
nanozyme shows an unsatisfied catalytic activity in living
systems due to near-neutral conditions. Moreover, due to the
consumption of free radicals by glutathione in vivo, a high
H,0, level is usually required to generate enough hydroxyl
radicals for antibacterial application."”™"> However, a high
H,O0, level not only causes immunogenicity and inflammation
but also has high toxicity to normal tissues.'® Therefore, a
catalytic system with high catalytic activity to generate enough
hydroxyl radicals is highly required.
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Metal oxide hollow spheres (MOHSs) show tunable metal
species, nanoporous shells, and large internal voids."”~*° Due
to the nanoporous shell, the materials exhibit a large amount of
easily accessible active sites and low diffusion resistance. The
large internal voids can act as a small container to load metal
nanoparticles, nucleic acids, enzymes, and drugs. Conse-
quently, MOHSs have attracted ever-increasing interests
owing to their broad applications in drug/gene delivery,
catalysis, and energy conversion and storage.m_25 CeO,
nanomaterials show unique features such as good biocompat-
ibility, low cost, and abundant oxygen vacancy defects.”*”*>
CeO, nanomaterials have been regarded as a versatile artificial
enzyme, and include catalase, superoxide dismutase, perox-
idase, and haloperoxidase.”® The fabrication of mesoporous
CeO, hollow spheres is an attractive strategy to enhance the
catalytic performance and endow the materials with new
functions.” Generally, the mesoporous CeO, hollow sphere
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Scheme 1. Schematic Illustration of the Construction of a Mesoporous CeO, Hollow Sphere/Enzyme Nanoreactor and the

Cascade Catalytic Antibacterial Therapy
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nanozyme exhibits four advantages. First, the hollow spheres
show large internal voids. The large voids can accommodate
guest nanoparticles or enzymes to further enhance the catalytic
performance via a cascade reaction or synergetic effects.
Second, when the hollow spheres are used as a container to
load the natural enzymes, the inorganic shell can protect the
enzyme and improve its stability and reusability. Third, the
CeO, hollow spheres show nanoporous shells, which can
facilitate mass transport and lower the transfer resistance.
Comparing with other nanoporous supports, such as metal—
organic frameworks (MOFs), CeO, hollow spheres show
higher acidic stability. The acidic stability is very important
when referring to the tumor microenvironment (pH: ~6.0).%
Lastly, CeO, itself shows enzymatic activity including super-
oxide dismutase, catalase, and peroxidase under different
conditions. By combining with other nanoparticles or natural
enzymes (e.g, glucose oxidase, GOx), CeO, hollow spheres
exhibit various functions in biomedical applications. Until now,
a variety of supports including hollow mesoporous silica
(MSN),”*™* polymers,**~*' MOFs,"*~*® and magnetic metal
oxide®™*” have been used to load GOx to construct
nanoreactors for cascade catalytic antibacterial or anti-tumor
therapy. Compared to these materials, mesoporous CeO,
hollow spheres show three advantages. First, compared with
MSN and polymers only as a carrier, mesoporous CeO, hollow
spheres can not only be used as a support to load GOx, but
also show peroxidase-like catalytic activity. They can build a
cascade-catalysis nanoreactor with GOx directly, without using
other catalytic components. Second, mesoporous CeO, hollow
spheres exhibit a stable framework under harsh conditions.
Other nanoporous nanoreactors, such as MOFs, are usually
not stable in acidic conditions. Third, some metal oxide
nanomaterials show enzyme-like activity. They cannot load
GOx due to the lack of mesopores and hollow structures.
Therefore, mesoporous CeO, hollow spheres could be a
potential ideal nanoreactor for cascade catalytic antibacterial
treatment. To the best of our knowledge, mesoporous CeO,
hollow spheres, as both a nanoreactor and nanozyme, have
been rarely investigated to combat bacteria for wound healing
in vivo.

Herein, an enzymatic cascade catalytic nanoreactor is
constructed by encapsulation of glucose oxidase in the
mesoporous ceria hollow spheres (Scheme 1). Cerium—
polyphenol—formaldehyde polymer spheres are prepared
using Ce*" as a metal source, polyphenol as an organic ligand,
formaldehyde as a crosslinker in an alkaline CH;CH,OH/H,0
system. After direct thermal decomposition of the polymer
spheres, mesoporous ceria hollow spheres are obtained. They
show a high specific surface area (30.7 m?/g) and pore volume
(0.36 cm’/g), a large pore size (5.8 nm), and a uniform
diameter (105 nm). After loading of GOx, the CeO,/GOx
nanoreactor is constructed. The glucose can be converted to
gluconic acid by GOx. The gluconic acid generated in the
nanoreactor could decrease the pH value in the reaction
system, which can effectively boost the peroxidase-like catalytic
activity of the spherical mesoporous CeO, nanozymes. As a
result, the H,0, molecules can be effectively converted into
hypertoxic hydroxyl radicals. The constructed CeO,/GOx
nanoreactor is further used for antibacterial therapy. The
highly toxic hydroxyl radicals can effectively kill bacteria and
prevent biofilm formation. Furthermore, the in vivo experi-
ments demonstrate that the CeO,/GOx nanoreactor can avoid
bacterial infections and increase the healing rate of wounds of
mice.

2. EXPERIMENTAL SECTION

2.1. Preparation of Mesoporous Ceria Hollow Spheres and
a Ce0,/GOx Nanoreactor. Mesoporous ceria hollow spheres were
synthesized by the self-template process. Typically, PEG (0.1 g) was
dissolved in the solution containing water/ethanol (37/8 mL) and
ammonia solution (0.35 mL). After stirring for 1 h, 8 mL of tannic
acid solution (0.025 g/mL) was added to the above solution. After 5
min, 0.38 mL of formaldehyde solution (37 wt %) was added. After 24
h, 2 mL of Ce(NO;); aqueous solution (35 mg/mL) was added. After
12 h, the solution was subjected to the hydrothermal treatment (100
°C, 12 h). The products were collected and dried. The mesoporous
CeO, hollow spheres were prepared through direct thermal
decomposition of polymers at 400 °C in air. The synthesis of ceria
nanoparticles and ceria cubes is shown in Supporting Information.
GOx (6 mg) was added to the mesoporous ceria hollow sphere
solution (10 mg/mL). After 6 h, the CeO,/GOx was obtained by
centrifugation.
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Figure 1. (a) SEM and (b) TEM images of the mesoporous CeO, hollow sphere. (c) TEM image of the CeO,/GOx nanoreactor. (d) N, sorption
isotherms and pore size distributions (inset) for the mesoporous CeO, hollow sphere. (e) XRD patterns of the mesoporous CeO, hollow sphere.
(f) TEM image and (g) the corresponding element mapping for the CeO,/GOx nanoreactor.

2.2. Peroxidase-like Activity of Mesoporous CeO, Hollow
Spheres. Experiments were performed in a 500 uL reaction system
(10 mM PBS buffer, pH 4.0), including CeO, (10 ug/mL), TMB (0.8
mM), and H,0, (5§ mM). The maximum activity of CeO,/GOx or
GOx was regarded as 100%. The residual catalytic activity of CeO,/
GOx or GOx was regarded as the percent of the maximum activity.
Ce0,/GOx was incubated at various pH values (3.0-7.0) or
temperatures (4—70 °C) for 4 h.

The Michaelis—Menten steady-state catalytic kinetics was explored
in the reaction system that contained CeO, nanozyme, TMB (0.8
mM), and H,0, at various concentrations (S, 10, 20, 30, 40, and 50
mM). The calculation was according to the previous report.*

2.3. Detection of Hydroxyl Radical (-OH). The formation of -
OH was detected using the fluorescent assay. o-Phenylenediamine
(OPD) and terephthalic acid were used as fluorescent probes. The -
OH can convert the nonfluorescent compounds OPD and
terephthalic acid into the high fluorescent product 2,3-diaminophe-
nazine (Ao, = 572 nm) and 2-hydroxy terephthalic acid (1., = 43S
nm), respectively.

For OPD, the reaction solution contained (1) OPD, (2) OPD +
H,0,, (3) OPD + CeO,, (4) OPD + H,0, + CeO,, and (5) OPD +
glucose + CeO,/GOx. The experimental conditions were as follows:
0.3 mM OPD, 1 mM H,0,, S mM glucose, 10 pug/mL CeO,, or
CeO,/GOx. After reaction for 4 h, a fluorescence spectrophotometer
was used to monitor the fluorescence spectra of the product 2,3-
diaminophenazine.

For terephthalic acid, the reaction solution contained (1)
terephthalic acid, (2) terephthalic acid + H,0,, (3) terephthalic
acid + CeO,, (4) terephthalic acid + H,0, + CeO,, and (5)

terephthalic acid + glucose + CeO,/GOx. The experimental
conditions were as follows: 0.5 mM terephthalic acid, S mM H,0,,
S mM glucose, 10 ug/mL CeO,, or CeO,/GOx. After 12 h, the
fluorescence spectra of the product 2-hydroxy terephthalic acid were
recorded.

2.4. Bacterial Culture. The monoclonal of E. coli and S. aureus
from the solid Luria—Bertani (LB) medium were transferred and
cultured in the liquid LB medium for 12 h (37 °C, 180 rpm). When
the logarithmic phase was reached, the bacteria solutions were diluted
with PBS to a concentration of 107 CFU/mL.

2.5. In Vitro Antibacterial Activity. The bacterial solution (0.1
mL, OD: 600 nm at 0.1) received different treatments: (1) PBS, (2)
glucose, (3) glucose + CeO,, (4) CeO,/GOx, (5) glucose + GOx, and
(6) glucose + CeO,/GOx. The concentrations of CeO,/GOx and
glucose used in the experiment were 100 pg/mL and 15 mM,
respectively. After S h, the absorbance was recorded. The above-
treated groups were reacted for S h (37 °C, 180 rpm). Then, the
bacterial suspension was diluted 1000 times. The diluted bacterial
suspension (100 uL) was spread on a solid medium and cultured for
24 h. The triplicates of each sample were repeated. The experiments
including live and dead cell fluorescence assay, biofilm inhibition,
characterization of bacteria, antibacterial performance in vivo, and
biosafety are shown in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of the CeO,/GOx
Nanoreactor. The CeO,/GOx enzymatic cascade catalytic
nanoreactor was constructed via three steps. First, cerium—
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Figure 2. (a) Schematic illustration of the peroxidase-like catalytic process of mesoporous CeO, hollow spheres. (b) UV—vis absorbance versus
reaction time at 652 nm: (1) H,0, + TMB, (2) CeO, + TMB, and (3) CeO, + H,0, + TMB. The inset is the corresponding photographs of color
evolution in different reaction systems. (c) Peroxidase-like activity of CeO, at different temperatures (4, 25, 37, 50, 60, 70 °C). The inset shows the
corresponding color change of oxTMB. (d) Peroxidase-like activity of CeO, at different pH values at room temperature. The inset shows the
corresponding color change of oxTMB. Experiments conditions in (c) and (d): 10 mM PBS buffer, 10 ug/mL CeO,, S mM H,0,, and 0.8 mM
TMB. (e) Absorbance versus reaction time with different concentrations of H,0,: 10 yug/mL CeO, nanozyme, 0.8 mM TMB, and 0—50 mM
H,0,. (f) The corresponding steady-state kinetic assays of CeO, for H,0,.

polyphenol—formaldehyde polymer spheres were prepared
using polyphenol as an organic ligand, Ce®" as a metal source,
and formaldehyde as a crosslinker.***’ Second, the cerium-
based polymers were calcined in air at 400 °C to obtain
mesoporous ceria hollow spheres. During the calcination
process, the decomposition of the polymer framework led to
severe shrinkage. CeO, materials with a hollow structure and
mesoporous framework were obtained. Third, GOx was
encapsulated into the mesoporous ceria hollow spheres
owing to the mesoporous framework and large internal
voids. Consequently, the CeO,/GOx nanoreactor was
obtained.

The scanning electron microscopic (SEM) and transmission
electron microscopic (TEM) images of cerium—polyphenol—
formaldehyde polymers showed a solid with a spherical shape
(~145 nm) (Figure Slab). The metal content in the
coordination polymers was 11.6 wt % according to the
thermogravimetry (TG) results (Figure S1c). After calcination
at 400 °C, the obtained CeO, exhibited reserved morphology
(~10S nm) (Figure la). A large number of nanopores were
observed on the surface of the CeO, sphere. The TEM image
of CeO, further revealed the formation of a hollow sphere
(Figure 1b). Such hollow spheres were produced due to the
severe shrinkage of cerium—polyphenol—formaldehyde poly-
mer spheres.”* During the calcination process, the solid—air
interface of the coordination polymer degrades faster than the
interior. Moreover, there is an outward flow of gas (such as
CO,) during the decomposition of the coordination polymer.
The cerium species in the sphere may migrate along with the
outward gas flow, forming a metal oxide dense layer. The metal
oxide dense layer will convert to a mesoporous framework due
to the crystal growth of the metal oxide.”” The N, sorption
isotherms revealed the mesoporous framework (Figure 1d).
The pore size, total pore volume, and specific surface area were

5.8 nm, 0.36 cm’/g, and 30.7 m?/g, respectively. The X-ray
diffraction (XRD) patterns for mesoporous CeO, hollow
spheres revealed nine diffraction peaks (Figures le and S1d),
which were ascribed to the cubic fluorite CeO, (JCPDS-no.
34-0394).°° X-ray photoelectron spectroscopy (XPS) analysis
of the mesoporous CeO, hollow sphere revealed the presence
of Ce species (Figure S2). The peaks u, v, u”, v", u”, and v"” at
901.1, 882.6, 907.4, 888.7, 916.8, and 898.5 eV, respectively,
were ascribed to Ce*".>"*” The peaks u’ and v' with binding
energies of 902.9 and 885.4 eV were ascribed to Ce*". The
contents of Ce®" and Ce*" were 15.19 and 84.81%,
respectively. The enzyme-like activity of ceria was related to
the Ce®*/Ce* ratio.”” ™ In the mesoporous CeO, hollow
sphere, the ratio of Ce®*"/Ce* was around 1.0:5.6, determined
by the XPS results.

Due to the mesoporous framework and large internal voids
for CeO,, glucose oxidase (GOx) was further loaded in the
mesoporous CeO, hollow spheres to construct the CeO,/GOx
nanoreactor. The TEM image of the CeO,/GOx nanoreactor
showed a spherical hollow structure, which was like the
mesoporous CeO, hollow sphere (Figure 1c). In contrast, the
elemental mapping of the CeO,/GOx nanoreactor showed the
presence of N and S elements (Figure 1fg). The elemental
linear scanning for N and S further indicated that GOx was
encapsulated in the mesoporous CeO, hollow spheres (Figure
S3a—c). By comparison, the element mapping of the
mesoporous CeO, hollow spheres without loading of GOx
showed negligible N and S elements in the framework (Figure
S3d—f). The element mapping results indicated successful
encapsulation of GOx in the mesoporous CeO, hollow sphere.
The loading amount of GOx was around 6.67 wt %, calculated
using the BCA Protein Assay Kit (Figure S4). The {-potential
decreased from +20.3 to —11.5 mV after loading of GOx
(Figure SSa), indicating that a part of GOx molecules may be
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Figure 3. (a) Schematic illustration of the cascade catalytic reaction in the CeO,/GOx nanoreactor. (b) EPR spectroscopy of different groups using
DMPO (8.8 mM) as a trapping agent. (c) UV—vis absorbance spectra in different systems. Insets in (c) are the corresponding photographs. (d)
The pH value versus reaction time under different conditions. Experiments (1—6) in (b—d) were performed in PBS buffer (0.5 mM): PBS, glucose,
glucose + CeO,, CeO,/GOx, glucose + GOx, and glucose + CeO,/GOx. Experimental conditions: 5 mM glucose, 10 pg/mL CeO, or CeO,/GOx,
and 0.5 ug/mL GOx. (e) Typical fluorescence spectra of o-phenylenediamine (OPD) catalyzed by different groups: (1) OPD, (2) OPD + H,0,,
(3) OPD + CeO,, (4) OPD + H,0, + CeO,, and (5) OPD + glucose + CeO,/GOx. Inset in (e) shows the fluorescence image of o-
phenylenediamine (OPD) oxidation catalyzed by different groups. Experimental conditions: 0.3 mM OPD, 1 mM H,0,, S mM glucose, and 10 ug/
mL CeO, or CeO,/GOx. (f) Typical fluorescence spectra of terephthalic acid oxidation catalyzed by different groups: (1) terephthalic acid, (2)
terephthalic acid + H,0,, (3) terephthalic acid + CeO,, (4) terephthalic acid + H,0O, + CeO,, and (5) terephthalic acid + glucose + CeO,/GOx.
(g) The corresponding fluorescence intensity of different groups in (e) and (f). The error bars reflect mean + standard deviation (n = 3). (h)
Residual catalytic activity of GOx in different groups: (1) CeO,/GOx nanoreactor, (2) CeO, cube@GOx, (3) CeO, nanoparticles@GOx, and (4)

free GOx in the presence of trypsin (20 pug/mL) or urea (2 M) for

1h.

adsorbed on the material surface. The hydrodynamic size
increased from 105 to 134 nm after loading of GOx (Figure
SSb). The sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis results revealed that the bands of CeO,/GOx were
consistent with that of pure GOx (80 kD) (Figure S6). These
results demonstrated the successful construction of the CeO,/
GOx nanoreactor.

3.2. Catalytic Activity of the CeO,/GOx Nanoreactor.
The peroxidase-like activity of mesoporous CeO, hollow
spheres was investigated via the catalytic oxidation of 3,3’,5,5'-
tetramethylbenzidine (TMB) (Figure 2a). Mesoporous CeO,
hollow spheres could catalyze the oxidation of TMB using
H,0, as an oxidant to produce oxTMB, with a characteristic
absorption peak at 652 nm (Figure 2b). In the absence of
CeO, or H,0,, negligible color and absorbance changes were
observed. These results confirmed that mesoporous CeO,

hollow spheres showed peroxidase-like activity. The effects of
temperature and pH on the catalytic activity of mesoporous
CeO, hollow spheres were further investigated. The
absorbance increased when the temperature increased (Figure
2c). The peroxidase-like activity of the mesoporous CeO,
hollow sphere reached a maximum when the pH value reached
4.0 (Figure 2d). These results revealed that the CeO,
nanozyme showed tunable catalytic performance at various
conditions (temperature, pH value). Especially, the catalytic
activity of mesoporous CeO, hollow spheres could be
significantly increased when the pH value was decreased
from 7 to 4.

To further investigate the catalytic activity of the
mesoporous CeO, hollow sphere nanozyme, the Michaelis—
Menten steady-state catalytic kinetics was determined. The
catalytic activity of the mesoporous CeO, hollow sphere
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nanozyme increased when the concentration of H,O,
increased (Figure 2e). For each concentration of H,0,, the
initial reaction velocities (v,) could be converted to the initial
velocities of the absorbance change of oxTMB using the Beer—
Lambert law.> The v, values versus the concentration of H,0,
are plotted (Figure 2f). According to the Michaelis—Menten
equation and the linear double-reciprocal plots (Figure S7),
the Michaelis—Menten constant (Kj,) and maximum velocity
(Vi) for the mesoporous CeO, hollow sphere nanozyme
toward H,0, were 2824 mM and 5.07 X 1077 M/s,
respectively. The Ky and V, for the mesoporous CeO,
hollow sphere nanozyme toward TMB were 0.285 mM and
7.9 X 107° M/s, respectively. The catalytic activity for the
mesoporous CeO, hollow sphere was among the best of other
reported state-of-the-art CeO, enzymes (Table S1). The
catalytic activity for the mesoporous CeO, hollow sphere
nanozyme was also comparable to the natural horseradish
peroxidase.

The mesoporous CeO, hollow spheres showed enhanced
peroxidase-like activity when the pH value was changed from 7
to 4. To further improve the catalytic performance, the
localized pH value in the nanoreactor should be decreased.
Therefore, glucose was used as a substrate due to its
nontoxicity compared with H,O,. More importantly, glucose
can be converted to gluconic acid using GOx as a catalyst. The
generated gluconic acid could decrease the localized pH value
owing to its acidic property. The acidic condition further
boosted the peroxidase-like activity of the mesoporous CeO,
hollow spheres. The production of gluconic acid was verified
with a pH meter and methyl red. The pH values decreased
from 7.4 to 4.1 within 90 min when glucose and GOx coexisted
(Figure S8a). The color change of the methyl red solution
further proved the decrease of the pH value (Figure S8b).

After evaluating the catalytic activity of the mesoporous
CeO, hollow spheres and GOx, respectively, the cascade
catalytic performance of the CeO,/GOx nanoreactor was
further studied. Glucose molecules can be converted to H,0,
and gluconic acid in the presence of oxygen (Figure 3a). The
generated gluconic acid can decrease the localized pH value in
the nanoreactor. The produced H,O, was further catalyzed by
mesoporous CeO, hollow spheres to generate -OH under
acidic conditions. The hydroxyl radical was determined with
electron paramagnetic resonance (EPR) spectra. The gen-
erated hydroxyl radical could be captured by S§,5-dimethyl-1-
pyrroline N-oxide (DMPO) to form DMPO/-OH adducts.
The strong EPR spectrum with 1:2:2:1 line, indicated the
generation of -OH in group 6 (Figure 3b). By contrast, there
was a negligible EPR signal of DMPO/-OH in groups 1-S.
Similarly, the cascade catalytic reaction for the CeO,/GOx
nanoreactor was investigated using TMB as an indicator. The
solution showed a characteristic absorption peak at 652 nm for
the CeO,/GOx nanoreactor in the presence of glucose (Figure
3c). There was negligible absorbance in the control experi-
ments. Meanwhile, the pH value for the reaction solution with
different treatments was measured. The pH value of the
reaction solution remained constant at around 7.4 in
experiments 1—4. By contrast, the pH value changed from
74 to 4.1 in experiments S—6 (Figures 3d and S9). The
decrease of the pH value indicated the production of glucose
acid.

To verify the enhanced catalytic activity, the capability of
hydroxyl radicals produced by H,0, + mesoporous CeO,
hollow spheres and glucose + CeO,/GOx nanoreactor was

investigated. Hydroxyl radicals can convert nonfluorescent
compounds (i.e., o-phenylenediamine and terephthalic acid) to
a highly fluorescent product (i.e., 2,3-diaminophenazine and 2-
hydroxy terephthalic acid). The fluorescence intensity for
glucose + CeO,/GOx nanoreactor was higher than that of
H,0, + mesoporous CeQO, hollow spheres and control
experiments (Figure 3e—g). These results confirmed that the
glucose + CeO,/GOx nanoreactor could produce more
hydroxyl radicals than those of the H,O, + mesoporous
CeO, hollow spheres. When glucose and CeO,/GOx nano-
reactor coexisted, the produced gluconic acid could decrease
the localized pH value and enhance the peroxidase-like activity
of mesoporous CeO, hollow spheres, thus generating more
number of -OH radicals. Similarly, mesoporous CeO, hollow
spheres exhibited weak peroxidase-like activity in near-neutral
conditions in the presence of H,O, and mesoporous CeO,
hollow spheres.

CeO, nanomaterials also exhibit catalase-like activities,
which can decompose H,0, into O,. The catalase-like activity
of the mesoporous CeO, hollow sphere at different pH values
was investigated (Figure S10). The amount of oxygen
generated was the highest at pH 7. Only a very small amount
of oxygen was produced at pH 4. The cascade catalysis of the
Ce0,/GOx nanoreactor could produce a large amount of
gluconic acid, resulting in acidic conditions. The catalase-like
activity can be effectively inhibited, which is beneficial to
produce highly toxic hydroxyl radicals.

The relationship between the GOx content and the catalytic
properties of the CeO,/GOx nanoreactors was also inves-
tigated (Figure S11). When the loading amount of GOx
increased from 1.02 to 9.87%, the relative catalytic activity of
the nanoreactor also increased. This was because more glucose
molecules were converted into H,O, by GOx. Further increase
of the GOx amount may block the mesopores and limit mass
transport.

The stability of GOx after being encapsulated in the
mesoporous CeO, hollow spheres was also investigated. For
comparison, CeO, cubes and CeO, nanoparticles were
prepared (Figure S12). GOx molecules were also loaded on
the CeO, cubes and nanoparticles. The enzyme retention
activities of the CeO,/GOx nanoreactor, CeO, cubes@GOx,
CeO, nanoparticles@GOx, and free GOx were investigated
after denaturation. The bioactivity of trypsin-treated CeO,/
GOx was 85.4% of that observed prior to trypsin treatment,
which was significantly higher than those of CeO, cubes@GOx
(39.9%), CeO, nanoparticles@GOx (34.6%), and free GOx
(24.8%) (Figure 3h). The mesoporous CeO, hollow sphere
could protect the GOx from hydrolysis by trypsin. Urea
molecules can disrupt the interior hydrogen bonds of proteins
and lead to protein unfolding.”” The retained bioactivity of
urea-treated CeO,/GOx was 82.5% that prior to urea
treatment. By comparison, the bioactivities of urea-treated
CeO, cubes@GOx, CeO, nanoparticles@GOx, and free GOx
dramatically decreased to 30.6, 36.9, and 23.9% of that without
treatment by urea (Figure 3h). Due to the large internal voids,
the GOx molecules can be encapsulated in hollow spheres. The
mesoporous CeO, hollow sphere could act as a protective layer
to enhance the stability of GOx.

3.3. Antibacterial and Biofilm Inhibition Performance
In Vitro. Encouraged by the enhanced catalytic activity of the
Ce0,/GOx nanoreactor in the presence of glucose, the
antibacterial performance against both Gram-positive Staph-
ylococcus aureus and Gram-negative Escherichia coli was studied.
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Figure 4. Photographs of bacterial colonies formed by (a) E. coli and (b) S. aureus. The relative bacterial survival of (c) E. coli and (d) S. aureus. (e)
Fluorescence images for the live/dead bacterial staining assay of E. coli. Scale bar: S ym. Typical SEM images of (f) E. coli and (g) S. aureus after
different treatments. Scale bar: 1 ym. The samples were prepared by treating with (1) PBS, (2) glucose, (3) glucose + CeO,, (4) CeO,/GOx, (S5)
glucose + GOx, and (6) glucose + CeO,/GOx. Experimental conditions (a—d): 15 mM glucose, 100 pg/mL CeO, or CeO,/GOx, and S pg/mL
GOx. Experimental conditions (e—g): S0 mM glucose, S00 pg/mL CeO, or CeO,/GOx, and 25 pg/mL GOx. The error bars reflect mean +

standard deviation (n = 3).

The effect of the concentration of glucose on the antibacterial
performance using CeO,/GOx nanoreactors was investigated.
When the concentration of glucose increased, the antibacterial
efficiency of CeO,/GOx nanoreactors was also enhanced
(Figure S13). When the concentration was 15 mM, less than
10% survival rate was observed for bacteria, indicating the high
antibacterial ability of the CeO,/GOx nanoreactors. Sub-
sequently, the antibacterial properties of the CeO,/GOx
nanoreactors were evaluated by treating the bacteria with
different groups: (1) PBS, (2) glucose, (3) glucose + CeO,,
(4) Ce0,/GOx, (5) glucose + GOx, and (6) glucose + CeO,/
GOx. The number of bacterial colonies in groups, (2) glucose,
(3) glucose + CeO,, and (4) CeO,/GOx, was not obviously
changed compared to the group (1) with PBS treatment
(Figure 4a—d). Such results indicated that glucose, glucose +
CeO,, and the nanoreactor alone exhibited negligible
antibacterial capability. In group (S), both glucose (15 mM)

and GOx (S pug/mL) were used. The bacterial viabilities were
74.8 and 70.6% for E. coli and S. aureus, respectively (Figure
4c,d). This was due to the generation of H,0,, which could
partially kill the bacteria. The effect of GOx concentration on
the antibacterial activity was investigated in group (S). After
being treated with glucose + GOx (6.67 and 8 ug/mL), the
viabilities of bacteria were 77.5 and 73.2% for E. coli, which was
close to the viability of bacteria treated with glucose + GOx (§
ug/mL) (Figure S14). Similar results were also found in .
aureus. These results indicated the limited antibacterial
efficiency in group (S) due to the weak antibacterial activity
for H,0,. In group (6), glucose (15 mM) and CeO,/GOx
(100 pg/mL) were used. The bacterial colonies were less than
10%. The enhanced antibacterial performance was ascribed to
the highly toxic -OH produced in group (6). Additionally, it
was found that the pH value of the bacterial solution decreased
from 7.4 to 4.4 (Figure S15a,b). The peroxidase-like activity of
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Figure S. (a) Photographs of crystal-violet-stained biofilm. (b) Biofilm biomass after various treatments. (c) The corresponding microscopy images
of crystal-violet-stained biofilm. Scale bar: 20 ym. (d) SEM images of biofilms. Scale bar: 200 ym. (e) 3D CLSM and (f) average thickness of
biofilms. The error bars reflect mean + standard deviation (n = 3). Statistic results: *p < 0.05; **p < 0.01; and ***p < 0.001. Experiments (1—6):
(1) PBS, (2) glucose, (3) glucose + CeO,, (4) CeO,/GOx, (5) glucose + GOx, and (6) glucose + CeO,/GOx. Experimental conditions: 15 mM

glucose, 100 ug/mL CeO, or CeO,/GOx, and S pug/mL GOx.

the mesoporous CeO, hollow sphere was activated in the
acidic condition.

The antibacterial performance of the mesoporous CeO,
hollow spheres using H,O, as an oxidant agent was also
investigated. When the same concentration of H,0, and
glucose was used in the experiment, the group (glucose +
Ce0,/GOx) showed higher antibacterial performance than the
group (H,0, + CeO,). The antibacterial efficiencies of the
group treated with glucose + CeO,/GOx (10 mM glucose)
reached 80.1 and 83.3% for E. coli and S. aureus (Figure S16).
By comparison, the antibacterial efficiencies for H,O, + CeO,
group (10 mM H,0,) were 38.2 and 43.9% for E. coli and S.
aureus, respectively (Figure S16). The peroxidase-like activity
of the mesoporous CeO, hollow sphere relied on the pH value.
In the group (glucose + CeO,/GOx), the decrease of the pH
value could boost the catalytic activity and the antibacterial
effect of the nanoreactor. Moreover, the continuous
production of H,0, from glucose and oxygen could avoid
the direct introduction of H,0, at high concentrations. As a
result, this process could minimize the harmful side effects.
Consequently, the designed CeO,/GOx nanoreactor was a
benign antibacterial system.

To further evaluate the antibacterial performance of the
Ce0O,/GOx nanoreactor, live/dead assays were carried out. E.
coli cells received different treatments, which were divided into

six groups: (1) PBS, (2) glucose, (3) glucose + CeO,, (4)
Ce0,/GOx, (5) glucose + GOx, and (6) glucose + CeO,/
GOx. Most of the E. coli cells were alive in groups (1—4)
(Figure 4e). In group S, there are very few red fluorescent cells,
indicating the limited antibacterial efficiency. By comparison,
the number of dead cells dramatically increased in group 6.
This revealed that highly toxic hydroxyl radicals were
generated in group 6. Similar inhibition effects were also
observed for S. aureus via live/dead assays (Figure S17). These
results further verified the high antibacterial performance of
the CeO,/GOx nanoreactor in the presence of glucose.

The morphological changes in the bacteria with different
treatments were investigated. The SEM image of E. coli cells
treated with PBS (group one) showed a typical rod shape with
clear borders and membrane integrity (Figure 4f). In groups
2—4, there were very few disruptions on the surface of the cell.
This indicated a negligible antibacterial effect against E. coli. By
contrast, the bacterial surface became partially wrinkled in
group S, indicating that the generated H,O, had weak
antibacterial activity. It should be noted that in group 6,
there was cell wall fragmentation and irregularly shaped holes
on the surface of the cell. This indicated severe damage to
bacterial membranes. Similar results were also observed for S.
aureus (Figure 4g). These results indicated that the cell
membrane of bacteria was oxidatively damaged by the toxic
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Figure 6. (a) Schematic illustration of the wound-healing experiment. (b) Photographs for wounds of mice infected by S. aureus received different
treatments. (c) Relative wound area of mice. The error bars reflect mean + standard deviation (n = S). (d) Photographs of bacterial colonies
formed by bacteria obtained from wound tissues. (e) The number of bacteria in wound tissues. The error bars reflect mean + standard deviation (n
=5, *¥*%p < 0.001). (f) Histological studies with H&E staining of wounds after different treatments: PBS, glucose, glucose + CeO,, CeO,/GOx,
glucose + GOx, and glucose + CeO,/GOx. Experimental conditions: 15 mM glucose, 100 yg/mL CeO, or CeO,/GOx, and 5 ug/mL GOx. Scale

bar: 100 ym.

hydroxyl radicals generated from cascade catalysis in the
Ce0,/GOx nanoreactor. The integrity of the bacterial cell
membrane system was destroyed. The bacteria were severely
fragmented and the bacterial contents flow out, leading to
bacterial death.®*”%

Encouraged by the above results, the CeO,/GOx nano-
reactor in the presence of glucose was further used to inhibit
biofilm formation. Biofilms contain exopolysaccharide barriers.
The inhibition of biofilm formation is usually difficult using
antibacterial agents. S. aureus was selected as a model to
investigate the inhibition efficacy of the CeO,/GOx nano-
reactor against biofilms. S. aureus and the tryptone soy broth
medium containing different agents, (1) PBS, (2) glucose, (3)
glucose + CeO,, (4) Ce0,/GOx, (5) glucose + GOx, and (6)
glucose + CeO,/GOx, were co-incubated. The concentrations
of CeO,/GOx and glucose were 100 pg/mL and 15 mM,
respectively. The inhibition efficacy of the CeO,/GOx
nanoreactor against biofilms was evaluated. The color of the
biofilm with different treatments was different (Figure Sa). The
color in groups (1—4) was blue, that in group (5) was light
blue, and that in group (6) was purple. The enhanced biofilm

inhibition effect for the CeO,/GOx nanoreactor in the
presence of glucose was due to the generated hydroxyl radicals
with high toxicity. Furthermore, the biomass of the biofilms
was measured using crystal violet-based colorimetric assay. The
biomass of the biofilm in groups (2—4) was similar to that of
group (1), indicating that glucose, glucose + CeO,, and the
Ce0,/GOx nanoreactor alone would not effectively inhibit the
formation of the biofilm. The inhibition rate in group (5),
glucose + GOx, was 20.7% (Figures Sb and S18). The
inhibition rate in group (6) was as high as 90.2%. The
corresponding microscopy images of different biofilms also
showed the efficient biofilm inhibition effects for the CeO,/
GOx nanoreactor plus glucose (Figure Sc).

The biofilm thickness was measured using a confocal
scanning microscope (CLSM). The thickness of groups (1—
4) was similar, with an average thickness of around 20.2 ym
(Figure Se/f). The thickness of biofilm in group (5) was 15.7
um. In group (6), a complete and thick biofilm was not
observed. Only scattered colonies of bacteria were seen,
suggesting a significant inhibitory effect. Simultaneously, SEM
results also suggested the structural changes with various
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Figure 7. (a) Blood biochemistry indexes of mice treated with PBS or CeO,/GOx. (b) The body weights of mice versus time. (c) Histological
studies of major organs after treatment with PBS or CeO,/GOx. The error bars reflect mean + standard deviation (n = 3).

treatments. Almost all of the bacteria in groups (1—4) were
aggregated and embedded in exopolysaccharides (EPS). The
biofilm was only slightly cleaved in group (5) due to the
limited biofilm inhibition eficiency. In contrast, the bacterial
biofilm in group (6) was significantly destroyed (Figure 5d),
indicating that the CeO,/GOx nanoreactor could be used to
inhibit biofilm formation in the presence of glucose. The
effective destruction and elimination of biofilms were due to
hydroxyl radicals, which could effectively decompose the
bacterial nucleic acids, proteins, and polysaccharide compo-
nents in the EPS matrix.* Therefore, the CeO,/GOx
nanoreactor can effectively cleave the existing biofilms and
restrain the generation of new biofilms.

3.4. Antibacterial Performance In Vivo. To investigate
the antibacterial performance of the CeO,/GOx nanoreactor in
vivo, a bacteria-infected mice model was built by the deposition
of S. aureus on the wound of the back for Kunming mice
(Figure 6a). All animal experiments were performed based on
The Care and Use of Laboratory Animals of the Medical
Research Council in Xi'an Jiaotong University. The mice were
assigned into 6 groups with different treatments: (1) PBS, (2)
glucose, (3) glucose + CeO,, (4) Ce0,/GOx, (S) glucose +
GOz, and (6) glucose + CeO,/GOx. Compared with groups
(1-5), the wounds of the mice in group (6) gradually formed
scabs and were almost completely healed after S days of
treatment (Figure 6b). Such phenomenon revealed the serious
oxidative damage to the bacterial species induced by -OH in
wounds. The wound areas of the infected sites were
determined to compare the therapeutic efficiency. The
wound area in group (6) was smaller than the other groups
on the Sth day (Figure 6¢), suggesting that the -OH produced
by group (6) significantly accelerated the wound-healing
process. To evaluate the bactericidal activity, S. aureus cells
from the wounds of mice were cultured and counted. The
bacterial colonies of group (6) decreased obviously compared

to groups (1—5) (Figure 6d,e). The antibacterial efficacy of
Ce0,/GOx in vivo was evaluated to be 99.9%. To assess the
effect of wound healing, hematoxylin and eosin staining
(H&E) was used for histological analysis. There were many
incomplete epidermal layers for groups (1—5), indicating low
antibacterial efficiency (Figure 6f). Nevertheless, an intact
epidermal structure on the wounds was observed in group (6).
The above results demonstrated that the designed CeO,/GOx
nanoreactor exhibited excellent wound-healing performance in
vivo in the presence of glucose.

3.5. Biosafety of the CeO,/GOx Nanoreactor. Low
toxicity or even nontoxicity of the materials is an important
factor for the rational design of antibiotics. The toxicity of the
Ce0,/GOx nanoreactor was studied. The CeO,/GOx nano-
reactor exhibited negligible cytotoxicity to HeLa cells (a model
cell), with the concentration reaching even 500 pg/mL (Figure
S19). For in vivo biocompatibility experiments, the CeO,/GOx
nanoreactor was intravenously injected into the mice. The
blood biochemical analysis was further performed. The CeO,/
GOx and PBS groups showed similar results (Figure 7a). The
body weight was not changed obviously (Figure 7b).
Furthermore, there was no obvious inflammation or lesions
in the main organs after injection of CeO,/GOx (Figure 7c).
Such results revealed that the CeO,/GOx nanoreactor showed
negligible toxicity.

4. CONCLUSIONS

In summary, a CeO,/GOx nanoreactor with a mesoporous
framework and large internal voids is designed for cascade
catalytic antibacterial therapy. The mesoporous CeO, hollow
spheres are synthesized by thermal decomposition of cerium—
polyphenol—formaldehyde polymers. Such mesoporous CeO,
hollow spheres not only serve as a container to load enzyme
molecules but also exhibit peroxidase-like catalytic activity. The
mesoporous CeO,/GOx nanoreactor converts glucose and
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oxygen to glucose acid and H,O,. The acidic condition would
boost the catalytic activity of the mesoporous CeO, nanozyme.
H,0, molecules are further converted to hydroxyl radicals by
the mesoporous CeO, nanozyme under the acidic condition.
The generated hydroxyl radicals can easily destroy the bacteria
cell. Therefore, the CeO,/GOx nanoreactor exhibits efficient
antibacterial performance, which can prevent the formation of
biofilms. Moreover, in vivo experiments confirm that the
nanoreactor possessed superior antibacterial effect and
favorable biocompatibility. Compared with the traditional
nanozyme antibiotics, such nanoreactors only require nontoxic
glucose to generate hydroxyl radicals, which minimize the side
effects to healthy tissues. This work provides a general strategy
to construct a functional mesoporous nanoreactor for
antibacterial therapy, which may be potentially applied in
biosensors, therapy, and environmental remediation.
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